Telomeric RNAs (TERRAs) are UUAGGG repeat-containing RNAs that are transcribed from the subtelomere towards the telomere. The precise genomic origin of TERRA has remained elusive. Using a whole-genome RNA-sequencing approach, we identify novel mouse transcripts arising mainly from the subtelomere of chromosome 18, and to a lesser extend chromosome 9, that resemble TERRA in several key aspects. Those transcripts contain UUAGGG-repeats and are heterogeneous in size, fluctuate in abundance in a TERRA-like manner during the cell cycle, are bound by TERRA RNA-binding proteins and are regulated in a manner similar to TERRA in response to stress and the induction of pluripotency. These transcripts are also found to associate with nearly all chromosome ends and downregulation of the transcripts that originate from chromosome 18 causes a reduction in TERRA abundance. Interestingly, downregulation of either chromosome 18 transcripts or TERRA results in increased number of telomere dysfunction-induced foci, suggesting a protective role at telomeres.
I n spite of the heterochromatic nature of telomeres and of the silencing of reporter genes in their vicinity 1 , telomeres are transcribed 2, 3 . In particular, the telomeric C-strand is transcribed by RNA polymerase II, giving rise to UUAGGG repeat-containing transcripts known as TERRA. TERRAs are thought to be transcribed from the subtelomere towards the telomere 2 . They are reported to contain a telomeric track, as well as sequences arising from subtelomeric regions, although the full-sequence remains unknown [2] [3] [4] . TERRA are nuclear long noncoding RNAs of a heterogeneous length (from 0.2 kb to 9 kb in human and mouse cells) 2, 3 . Although several causes have been postulated to explain this heterogeneity 5, 6 , its origin is still unknown owing to the lack of a full TERRA sequence. RNAfluorescence in situ hybridization (FISH) experiments have indicated that some of the TERRA transcripts co-localize or associate with telomeres 2,3,7-9 . In addition, TERRA are bound by a complex array of proteins, including components of the shelterin complex such as TRF1 and TRF2, as well as different members of the hnRNP family 7, 10 .
In human cells, a TERRA promoter was described to consist of a 61-29-37 repeat present in 20 different chromosomes 4 . This promoter is methylated in a DNMT1-and DNMT3b-dependent manner as cells doubly deficient for DNMT1 and DNMT3a/3b display higher TERRA levels 4, 11 . In yeast, a TERRA transcription start site was identified in chromosome 1, although the promoter region was not characterized 12 . Both in the case of human and yeast promoters, demonstration that transcripts arising from these subtelomeric regions co-localize with canonical TERRA transcripts by RNA-FISH experiments is still lacking. This very limited information on TERRA sequences and promoters represents a difficulty for understanding TERRA role and regulation. In this regard, biochemical in vitro assays suggested that TERRA might regulate telomere replication by coordinating the cell cycle-dependent exchange of the RPA and Pot1 proteins through the sequestration of hnRNP A1 from telomeres 13 . Recently, TERRA was proposed to be induced by telomere shortening and nucleate telomerase at short telomeres 14 . TERRA has been also proposed to inhibit telomerase in vitro and to have a role in telomeric heterochromatin 3, 8, 10, 15 .
In mice, no TERRA promoters have been described to date, which has hampered understanding the role of TERRA in vivo via the generation of genetically modified mouse models. In contrast to humans, mouse TERRA levels are reduced in cells deficient for DNMT1 and DNMT3a/3b, thus anticipating differences with the human promoter 3 . Here we set to identify the mouse TERRA sequence and promoter. To this end, we performed a whole-subtelomere analysis and identified novel transcripts that resemble TERRA in many different attributes. These transcripts arise predominantly from the subtelomere of chromosome 18. Chromosome 18 transcripts contain UUAGGG-repeats, are found at telomeres with the same frequency than TERRA transcripts, are regulated throughout the cell cycle in a TERRA-like manner, are bound by the same RNA-binding proteins that bind TERRA 7 , are regulated by stresses in a similar manner to TERRA and are induced upon induction of pluripotency-like TERRA. Chromosome 18 transcripts can bind to chromosome 18 telomeres but also to the rest of the chromosome ends, although not at once. Importantly, downregulation of chromosome 18 transcripts causes downregulation of TERRA. Interestingly, the downregulation of either chromosome 18 transcripts or TERRA results in similar induction of telomere dysfunctioninduced foci (TIF). Finally, we identify the promoter region for the transcription of chromosome 18 transcripts resembling TERRA.
Results
Identification of novel transcripts that resemble TERRA. Here we set out to identify the genomic locus of mouse TERRA. To this end, we carried out whole-genome RNA-deep sequencing of six mouse samples. In particular, we used three poly(A) þ RNA samples derived from pMEFs, C2C12 and NS1 cells (in mouse cells, TERRA is enriched around 2.5 times in polyA( þ ) fractions relative to the polyA (-) ( Supplementary Fig. 1A) , and the rest of the samples were further enriched in TERRA levels: two by RNAimmunoprecipitation (IP) of hnRNP A1 and HuR (known to bind TERRA 7 ) followed by isolation of the immunoprecipitated RNA, and the remaining sample by biotin pull-down of DNAfree nuclear fractions from pMEFs with a biotinylated antisense TERRA oligo consisting of eight CCCTAA repeats as bait followed by RNA isolation (see Supplementary Fig. 1B for TERRA enrichment in the pull-down with the telomeric oligo compared with a control RNA oligo). RNA from each individual sample was next used for construction of independent sequencing libraries and sequenced (Methods).
We performed quality check of both RNA-seq reads and the alignments. Reads in all samples were enriched in intragenic regions (intronic þ exonic) as compared with intergenic regions ( Supplementary Fig. 1C ). We found enrichment in reads aligned to the PTMA mRNA (a well-established target of HuR 16 ) in the HuR-IP sample compared with the other samples ( Supplementary Fig. 1D ). Cyclin D2, the mRNA with the greatest enrichment in reads upon hnRNP A1-IP was also enriched in the HuR-IP sample ( Supplementary Fig. 1D ). In the biotin pull-down sample, we found a 400 thousand-fold increase in the number of reads containing (TTAGGG) 4-6 repeats compared with the other samples, validating its enrichment in UUAGGG-containing transcripts ( Supplementary Fig. 1E ).
As TERRA transcripts are 0.2-10 kb in length and part of this length corresponds to the telomere, we first focused our analysis on a 30-kb region adjacent to the telomere of each chromosome (centromere-adjacent telomeres were not studied because they are not sequenced). As expected, the number of reads aligned in this 30-kb region (from now on 'subtelomere region') was not very abundant compared with regions rich-in-annotated coding genes, indicating lower transcription at subtelomeres in accordance with their heterochromatic nature 1 .
In the latest mouse assembly mm10, most of the chromosomes are sequenced until the telomere. Chromosome 4, 6, X and Y remain to be fully sequenced (Supplementary Fig. 2A ) but we found the presence of contiguous TTAGGG-repeats in the 3 0 ends of chromosomes 6 and X sequences and decided to include them in the screening. Figure 1 shows the RNA-seq read density at the subtelomere of each chromosome from the biotin pull-down sample (the one with higher UUAGGG-read content), as well as from the sum of all samples (see the other individual samples in Supplementary Fig. 2B ). Many subtelomeres display little or no transcription independently of how the TERRA enrichment was achieved (for example, chromosomes 1, 2, 4, 5, 7, 12, 14 and 15; Fig. 1a and Supplementary Fig. 2B ). Nevertheless, we decided to include these subtelomeres in further analyses in case they could be low contributors of TERRA. We next confirmed the presence of transcription at these subtelomeres by PCR using two sets of primers per subtelomere. We designed primers in regions showing RNA-seq read alignments, prioritizing those regions with reads from the pull-down sample that had the highest UUAGGG-read content. We could not design primers for chromosome 3 because of the presence of a coding gene in the entire region (Wls gene and Supplementary Fig. 2 ). We did not detect transcription at the subtelomeres of chromosomes 5, 7, 12, 14 and 15, in agreement with the low abundance and scattered RNA-seq reads ( Fig. 1a and Supplementary Fig. 2A ; Table 1 ).
PCR was also negative for chromosome 13. Detection of RNAreads in this region may be explained by the presence of an annotated Ref Seq in the 5 0 -end subtelomeric region (NM_001037925; Fig. 1a and Supplementary Fig. 2A ; Table 1 ). We detected transcription by PCR at the subtelomeres of chromosomes 1 and 2 in spite of their low RNA-reads, as well as at the subtelomeres of chromosomes 6, 8, 9, 10, 11, 16, 17, 18, 19 and X, and selected them for further analysis.
Next, we examined whether these transcripts were transcribed until the telomere-like TERRA. To this end, we checked for the presence of UUAGGG-repeats within the transcripts by three different means. First, we prepared two different types of cDNAs, one using random primers that we named 'standard cDNA' and the other enriched in telomeric repeats, which we named 'telomeric cDNA', obtained with an oligo complementary to the telomeric repeat (4 Â CCCTAA). By using the telomeric repeat Chr:   1  2  3  5  4  6  7  8  9  10  11  12  13  14  15  16  17  18  19  X  Y   Chr:   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18 NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5723 ARTICLE oligo, RNAs containing UUAGGG-repeats will be preferentially converted into cDNA compared with other RNAs that do not contain these repeats. We then performed quantitative PCR on these cDNAs using specific primers for the detection of the candidate transcripts. Only primers detecting transcripts arising from chromosome 18 subtelomere were significantly enriched in the 'telomeric cDNA' compared with the 'standard cDNA', thus indicating the presence of UUAGGG-repeats within these transcripts ( Fig. 1b ). Primers detecting other regions of chromosome 18 RNAs that were characterized by RACE (Rapid Amplification of cDNA Ends; see below) were also enriched (primer 18-7, NGSP31 and 18-35; primer position in Supplementary Fig. 3 ). Cyclin D2 and Cytochrome b, two genes that do not contain telomeric repeats, were more enriched in the 'standard cDNA' (Fig. 1b ). Amplicons obtained with primers against 'region 1' (Chr18-1) using two different types of telomeric cDNAs are also shown (Fig. 2b, bottom) . In contrast to chromosome 18 transcripts, RNAs arising from other highly transcribed subtelomeres (chromosomes 8, 10 and 17; Fig. 1a ) were not enriched in the 'telomeric cDNA' (Supplementary Fig. 4 ). Similarly, transcripts arising from other PCR positive subtelomeres were not enriched. Nevertheless, owing to the fact that the differences were not significant in the case of chromosomes 6, 9, 19 and X-RNAs, we decided to include them in further analyses (Table 1) .
Second, we studied the northern blot 'signature' of the different transcripts to see whether they showed the characteristic 'TERRA smear' obtained when using a probe against the UUAGGG-track. Only probes detecting transcripts arising from chromosome 18 subtelomere showed a smear similar to TERRA ( Fig. 1c ). Moreover, these transcripts were increased in iPS cells compared with their parental MEFs, as described for TERRAs 17 (Fig. 1c ). Transcripts arising from chromosome 9 and X subtelomeres showed a partial TERRA-like smear, but they did not increase in iPS cells compared with pMEF ( Supplementary Fig. 5A ). Probes against chromosome 6-, 13-and 19-RNAs only detected background signal ( Table 1 ). The highly transcribed subtelomeres of chromosomes 8, 10 and 17 did not display the characteristic TERRA signature ( Supplementary Fig. 5B ).
Third, we tested whether these subtelomere-originated transcripts did co-localize with TERRA transcripts using RNA-FISH. To this end, we prepared RNA-FISH probes against these transcripts and co-hybridized them with a TERRA probe targeting the UUAGGG-repeat ( Supplementary Fig. 3 ). Probes were tested not to give signal upon RNase treatment as well as when using a probe against the negative strand ( Supplementary Fig. 6A ). In agreement with the known nuclear localization of TERRA 3 ( Fig. 1d and Supplementary Fig. 7A ), probes targeting chromosome 18-RNAs rendered signals restricted to the nuclear compartment ( Fig. 1d ). We confirmed the nuclear localization of all the chromosome 18 transcripts by quantitative reverse transcription PCR 
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À ChrY Not sequenced until the telomere FISH, fluorescence in situ hybridization; NS, not significant; TERRA, telomeric-repeat containing RNA. Supplementary Fig. 7B ). Malat1 and cytochrome b served as controls for the nuclear and cytoplasmic fractions, respectively ( Supplementary Fig. 7B ). After confocal analysis of the RNA-FISH signals, we found that 80% of TERRA transcripts co-localized with chromosome 18 transcripts ( Fig. 1d, graph) . RNA-FISH of Tmx3, the closest annotated coding gene to chromosome 18 telomere, did not co-localized with the TERRA probe ( Supplementary Fig. 6B ).
Chromosome 9-RNAs also co-localized with TERRA spots despite these RNAs did not display clear TERRA features in the previous tests ( Supplementary Fig. 6C ). Nevertheless, the signal was very weak and showed a markedly lower co-localization than that obtained with chromosome 18-RNAs, with only 12% of TERRA spots co-localizing with chromosome 9 transcripts ( Supplementary Fig. 6C , graph; probe controls can be found in Supplementary Fig. 6A ,C and D). This suggests that they maybe ARTICLE low contributors of TERRA. RNA-FISH signals from chromosome X-RNAs rendered a panuclear staining with no detectable spots (Table 1) . Finally, transcripts arising from the highest transcribed subtelomeres (chromosome 8, 10 and 17) did not colocalize with TERRA spots. Instead, we detected few spots showing associations (no co-localization) with TERRA, also seen with the sense probe, for chromosome 8-RNAs and cytoplasmic signal for chromosome 17-RNAs (Table 1 and Supplementary Fig. 6E) .
Together, the different tests performed strongly support that transcripts arising from the subtelomeres of chromosome 18 contain UUAGGG-repeats and appear to be the main contributors of TERRA.
Chromosome 18 transcripts behave as TERRA transcripts. To further test whether chromosome 18-RNAs are part of TERRA, we measured different cellular parameters. TERRAs are known to associate with telomeres 2,3,8 ( Fig. 2a ). Immunodetection of the telomere-binding protein Rap1, a component of telomeres 18 , followed by chromosome 18-RNAs detection by RNA-FISH showed that chromosome 18-RNAs co-localize with Rap1 ( Fig. 2a ). Importantly, we obtained similar frequencies of co-localization and association events of both chromosome18-RNAs and TERRA with Rap1 ( Fig. 2a , graph). Similar results were obtained when using TPP1 and TRF1 for telomere detection ( Supplementary Fig. 8A, B ). In human cells, downregulation of Upf1, which is part of the nonsense-mediated mRNA decay core machinery, results in increased cells displaying telomere localization of TERRA 2 . In mouse cells, however, the number of cells displaying TERRA or chromosome 18-RNAs localization at telomeres did not change upon Upf1 downregulation ( Supplementary Fig. 8C , left graph). Furthermore, the number of co-localization events per nuclei was similar for both TERRA and Chromosome 18 probes ( Supplementary Fig. 8C , right graph). Chromosome 9-RNAs associated with telomeres but colocalization was not observed ( Supplementary Fig. 8D and graph). This could be due to the strong weakening of RNA-FISH signal upon the TRF1 immunofluorescence. We next performed cell cycle analysis of both chromosome 18-RNAs and TERRA expression and found that they are regulated in a similar manner throughout the cell cycle. In particular, upon synchronization of pMEFs, both chromosome 18-RNAs and TERRA accumulate in early G1, as described in human cells 19 but they decline during G1 progression to peak again in early S phase ( Fig. 2b) .
We also determined whether chromosome 18 transcripts were bound by hnRNP A1 and HuR, two of the RNA-binding proteins that bind TERRA 7, 10 . RNA-IP experiments performed in conditions that preserved the RNA-protein interaction followed by transcript detection using qRT-PCR showed that chromosome 18 transcripts are bound by both hnRNP A1 and HuR, as indicated by the relative enrichment of these transcripts in their corresponding IP when compared with the IgG-IP ( Fig. 2c ). hnRNP A2B1, also known to bind TERRA 7 , binds to chromosome 18-RNAs but only in those regions further from the telomere ( Supplementary Fig. 9A ). Interestingly, chromosome 9-RNAs were bound by HuR and hnRNP A2B1 but not by hnRNP A1, indicating different binding preferences to chromosome 18 RNAs and TERRA ( Supplementary Fig. 9B ). Chromosome 8, 10 and 17 transcripts were not bound by these proteins with the exception of chromosome 17 transcripts, which showed hnRNP A2B1 binding ( Supplementary Fig. 9C ).
To further characterize chromosome 18-transcripts, we studied their response to exogenous stresses. We first tested TERRA nuclear localization upon ultraviolet C irradiation as some TERRA-binding proteins translocate to the cytoplasm upon ultraviolet C 20 . The nuclear localization of TERRA did not change in response to ultraviolet C but the number of TERRA spots decreased, in agreement with the shutdown of transcription in response to ultraviolet C (Fig. 2d) 21 . Chromosome 18-transcript behaved like TERRA (Fig. 2d) . Importantly, co-localization between TERRA and chromosome 18-RNAs remained unaffected upon ultraviolet C treatment, further supporting that chromosome 18-transcripts are part of TERRA (Fig. 2d, graph) . Mouse cells deficient for DNA methyltransferase 1 (DNMT1) or DNMT3a/3b show lower TERRA levels than wild-type controls 3 . In agreement with this, 5 0 azacytidine (DNMT inhibitor) decreased both TERRA ( Fig. 2e ) and chromosome 18-RNAs levels (Fig. 2f) .
The fact that chromosome 18-RNAs contain UUAGGGrepeats and behave as TERRA in many cellular assays strongly supports that these transcripts are genuine TERRA transcripts. From now on, we will refer to these transcripts 'chromosome 18-TERRAs'.
Chromosome 18-TERRAs' promoter and transcription start sites. We next set out to determine the transcription start and termination sites of these transcripts by carrying out 5 0 and 3 0 RACE experiments, respectively. Besides employing 'region 1' of chromosome 18 (region amplified by primer chr18-1) as starting point of RACE experiments, we used other regions within this subtelomere that were positive for transcription ( Supplementary  Fig. 10A ). Forward and reverse primers from different sets of primers were used together to generate longer amplicons, then sequenced and named 'Genome walking' sequences ( Fig. 3a) . We cloned approximately ten of these sequences and seventy-five sequences upon 5 0 RACE and 3 0 RACE assays that preferentially aligned at chromosome 18 subtelomere (Fig. 3a) . Regarding the 3 0 RACE clones, we were able to undoubtedly map most of them, being the ones closer to the telomere only 250 bases away. Three of the 3 0 RACE clones contained multiple non-contiguous TTAGGG repeats within their sequence and were mapped right at the telomere, although the alignment was not perfect ( Supplementary Fig. 10B and C) . Possible explanations to this imperfect alignment could be the generation of PCR/sequencing artefacts because of the repetitive nature of these sequences or to miss-sequencing of the reference genome (for example, see identical mismatch in 5 0 R-27up clones from 5 0 RACE sequences). RACE experiments unveiled important features of chromosome 18-TERRAs. In particular, these transcripts have exons and undergo alternative splicing (see for instance the skipping of exon 4 in one of the top 5 0 RACE sequences; Fig. 3a ). Moreover, they have multiple transcription start and termination sites (Fig. 3a) . Both the multiple transcription start sites and the alternative splicing may explain the TERRA length heterogeneity ('TERRA smear' on northern blots).
RACE sequences mapped within a genomic area of 20 kb adjacent to the telomere (Fig. 3a) . This region is conserved in mammals and contains different transcriptional signals such as CAGE tags and histone marks of active transcription ( Supplementary Fig. 11 or blat RACE sequences (Supplementary Information) in the UCSC (University of California, Santa Cruz) link (Methods)). There is an annotated mouse expressed-sequencetag (EST) within this region and some of the RACE sequences overlapped with it ( Supplementary Fig. 11 ). External RNA-seq data from the ENCODE Project 22, 23 show cluster of reads overlapping with the main chromosome 18-TERRA exons and that these transcripts are tissue specific and developmentally regulated ( Supplementary Fig. 11 ).
To identify the promoter region of chromosome 18-TERRA transcripts, we cloned different regions upstream of the main 5 0 RACE products into promoter-free luciferase reporter vectors (Fig. 3a) . Upon transient transfection with the different plasmids, luciferase activity was increased both in MEFs and iPS cells transfected with region A2 and, especially, region A3 compared with the empty vector (Fig. 3b) . No activity was found in downstream regions B3, C2 and D. Interestingly, A2 and A3 regions are adjacent and located immediately upstream of the annotated EST (Fig. 3a) , contain multiple CAGE tags and are located at the start of transcriptionally active histone marks according to the Caltech/ENCODE chromatin immunoprecipitation assay (ChIP) data 22, 23 (blat region A2 and A3 (Supplementary Information) in the UCSC session link (Methods)). Interestingly, region A3 overlaps with multiple transcription-binding sites according to ChIP data available from the ENCODE/Stanford/Yale project 22, 23 . Both general transcription factors (TBP, p300, RNA-PolII and CSTF) and early-response transcription factors, such as c-myc and c-jun, bind to the A2-A3 region ( Fig. 3c and Table 2 for a complete list). Upon scanning regions A2 and A3, we did not find CpG islands nor clear matches with the 61-29-37-repeat present at the human promoter 4 .
Chromosomes to which chromosome 18-TERRAs bind. On the basis of the observed associations of chromosome 18-TERRAs to telomeres ( Fig. 2a ), we next asked whether chromosome 18-TERRAs associate only with the chromosome of origin (chromosome 18) or also with additional chromosomes. To this ARTICLE end, we performed RNA-FISH on metaphases followed by Spectral Karyotyping (SKY). We detected associations of both chromosome 18 RNAs and TERRA to the tip of a subset of chromosomes (Fig. 4a ), which were RNase sensitive confirming the RNA nature of these associations. We observed at least one association in 67% of the metaphases when using the chromosome 18 probe and 51% when using the TERRA probe (Fig. 4a,  graph) . The average number of associations per metaphase varies from one to three for both probes, detecting up to ten associations per metaphase in few cases. Note that the lower number of TERRA spots observed in metaphases compared with interphase is likely due to the detection of only the spots associated with chromosome ends, whereas in interphase both associated and non-associated spots are detected. From the total number of associations, around 60% occur in the tip of the long arm (half of them at the subtelomere rather the telomere) and around 25% in the short arm (half of them adjacent to the centromeric telomere) of chromosomes. The remaining 15% could not be mapped because of artefacts on the metaphase's shape. Importantly, both probes detected association to the tip of chromosome 18 but also to other chromosomes (Fig. 4a) .
To further confirm the TERRA nature of chromosome 18-RNAs, double RNA-FISH with chromosome 18 and TERRA probes followed by SKY was performed. As expected, we found co-localization events in all metaphases analysed (Fig. 4b) . The co-localization of chromosome 18-RNAs with TERRA per metaphase reached almost 100% (Fig. 4b, graph) . The detection of associations with the telomere when using both probes dropped compared with when using only one probe most likely due to competition of both probes for nearby positions. Table 3 summarizes the identification of chromosomes associated with chromosome 18-RNAs (red), TERRA transcripts (green) or both (yellow). All chromosomes, except chromosome X, displayed at least once either red and green signals in different metaphase (that is, Chromosomes 3, 5, and so on) or co-localizing signals (chromosomes 1, 2 and so on), suggesting that these transcripts associate virtually with all chromosomes. For chromosome X, we could only detect TERRA association (green signal). Chromosome 9-RNAs were also detected at chromosome ends in metaphases ( Supplementary Fig. 12 ), whereas chromosome 8, 10 and 17-RNAs were not.
Loss of chromosome 18-TERRAs induces telomere damage.
To study the role of chromosome 18-TERRAs at telomeres, we downregulated them using Gapmers-LNA. Significant downregulation was achieved 2 days post transfection as measured by RT-qPCR with a 50% knockdown (Fig. 5a ). Importantly, chromosome-18 TERRA downregulation simultaneously decreased TERRA levels as determined by RNA dot-blot with a probe against the telomeric repeat ( Fig. 5b) , demonstrating that they are contributors of TERRA. Next, we studied the presence of telomere gH2AX DNA damage foci (TIFs). Chromosome 18-TERRA caused a significant increase in the number of cells exhibiting two or three or more TIFs compared with control cells (Fig. 5c ). Knockdown of the telomeric track with a Gapmer-LNA ('TERRA-Gapmer') also caused a decrease in TERRA levels and a similar increase in the number of cells displaying TIFs ( Supplementary Fig. 13A and B) . However, the 'TERRA-Gapmer' is likely not as specific as the 'Chr18-Gapmer' to downregulate TERRA expression as there are other genes that contain telomeric repeats, which could be downregulated by the 'TERRA-Gapmer' (for example, gene Xkrx contains multiple TTAGGG repeats, nine of them contiguous). Together, these data suggest that chromosome 18-TERRA transcripts may contribute to protect telomeres from eliciting a DNA damage response.
Searching for special features in chromosome 18 subtelomere. We next searched for a special signature in the chromosome 18 subtelomere compared with the other subtelomeres. After aligning the full mouse chromosome 18 with the rest of the chromosomes using Lastz and extracting the synteny blocks for the subtelomeric regions, we found conservation of synteny between the subtelomere of chromosome 18 and chromosome 6, 8 and 17 subtelomeres ( Supplementary Fig. 14A and Supplementary Methods) but not with chromosome 9 subtelomere, which also produces RNAs with some TERRA features. We also searched for homology of the chromosome 18 promoter region A2 and A3 with the rest of the subtelomeres. Only region A3 displayed a significant homology, which was higher at chromosome 6, 8 and 17 subtelomeres (47-48%; Supplementary Fig. 14B and Supplementary Methods).
We also studied the presence of histone marks for active promoters and enhancers (H3K4me3, H3K4me1 and H3K27ac) at the promoter region A2-A3 of chromosome 18 uploading ChIP data from the ENCODE/LICR project Consortium ( Supplementary  Fig. 14C ). However, these histone marks could also be found at the A3-like regions of chromosome 10 and 17 ( Supplementary  Fig. 14C ). Collectively, these data indicate that chromosome 18 subtelomere did not significantly differ from other transcribed subtelomeres either at the level of conservation of synteny or in the presence of histone marks for active promoters and enhancers. Transcription factors binding to region A2-A3
The data correspond to ChIP data on MEL (Mouse erythroleukemia) and CHC12 (liver cancer) cell lines from the Stanford/Yale/ENCODE Project. Except for the GATA-1, all of these transcriptions factor were ChIP positive for both cell lines.
Discussion
Here we have carried out a whole-subtelomere screening of mouse chromosomes to identify the TERRA locus and discovered a subset of novel transcripts arising from chromosome 18 subtelomere that resemble TERRA in several key features. These transcripts contain telomeric repeats: (i) they are enriched in a telomeric cDNA compared with a standard cDNA, (ii) they render the same sizes as TERRA transcripts on northern blot, (iii) they co-localize with TERRA in interphase and metaphase and (iv) downregulation of these transcripts by Gapmers causes a concomitant decrease in TERRA levels. It is unlikely that the transcription of these transcripts stop right at the start of the telomere (what it is known as 'aARRET transcripts') as they render the same northern blot pattern than TERRA (this is not the case for aARRET and TERRA in Schizosaccharomyces pombe 24 ). Of note, transcription of chromosome 18 subtelomere was previously described but whether these RNAs were TERRA was not addressed 25 .
Transcripts from other mouse subtelomeres failed to show TERRA features except for some features in transcripts arising from the chromosome 9 subtelomere. In particular, although chromosome 9-RNAs were not enriched in the telomeric cDNA ARTICLE fraction and displayed a shorter-size smear on northern blots, they showed co-localization with TERRA spots, although to a lesser extent than chromosome 18-RNAs. This fact, together with the low RNA-FISH signal displayed by chromosome 9-RNAs and the reduced number of spots detected per cell (one versus five o more for chromosome 18-RNAs), suggests that the majority of TERRA transcripts arise from chromosome 18 subtelomere and that only a small fraction may arise from chromosome 9. This is not an unexpected finding as yeast studies showed that although TERRA molecules arose from chromosome 1L, 6R and Y'element, cells expressed TERRA only from one specific telomere at a given time 14 . Similarly, mouse chromosome 18 maybe the preferential region for TERRA transcription, although chromosome 9 subtelomeres may take over in some conditions. If chromosome 18 subtelomere is the main source of TERRA transcripts, an interesting question is why TERRA is produced mainly at this chromosome. In humans, the situation might be different as a TERRA promoter was proposed to be present in 20 different chromosomes 4 . Nevertheless, it remains to be tested whether these transcripts arising from the subtelomere of each of these 20 chromosomes are transcribed until the telomere (as shown here, this is not the case for many of the murine subtelomere-originated transcripts). Interestingly, the differential DNMT dependency of mouse and human TERRA agrees with important differences in their promoters 3, 4, 11 . Differences in the factors regulating TERRA at telomeres are also apparent. In particular, Upf1, a nonsense-mediated mRNA decay factor, regulates telomere localization of human TERRA 2 but not of mouse TERRA (this work). The identification of chromosome 18-TERRA transcripts is important to determine the origin of TERRA's heterogeneity. It was proposed that TERRA heterogeneity could be due to the existence of different lengths of the transcribed subtelomeric region, to products of TERRA 3 0 -end processing, or to differential entry of RNA polII into the telomere (reviewed in refs 5, 6) . Our findings indicate that TERRA length heterogeneity stems, at least in part, from the use of multiple transcription starts and the existence of alternative splicing. The multiple transcription start sites could originate from the heterochromatic nature of telomeres and subtelomeres (reviewed in refs 1, 26) , which in turn may difficult RNA polymerase II accessibility. In support of this notion, relaxation of heterochromatin during nuclear reprogramming increases TERRA transcription 17 . Further support for the notion that the incapability of RNA polymerase II to perform a full transcription may generate truncated TERRA transcripts comes from: (i) the observation of multiple termination sites and (ii) detection of more RNA-FISH spots when using the chromosome 18 probes than when using the probe against the telomeric track. Additional explanations for this heterogeneity may include transcripts of different sizes arising from other chromosomes (in mouse cells, from chromosome 9), differential 3 0 -end processing and differential entry of RNA pol II into the telomere.
Downregulation of chromosome 18-TERRA caused a significant increase in the number of TIFs, suggesting a protective role of TERRA at telomeres. This is in agreement with that observed in human cells 10 . TERRA downregulation may impair sequestering of hnRNP A1 from telomeres and RPA-to-Pot1 switching upon DNA replication, or may diminish the nucleation of telomerase at short telomeres, thus resulting in increased telomeric DNA damage 13, 14 . This protective role of TERRA may be also extended to metaphasic chromosomes as chromosome 18-TERRA is associated to the tip of virtually all metaphasic chromosomes. Intriguingly, we observed an average of two to three associations per metaphase and not to all chromosomes at once. We are not certain whether this is due to technical reasons or to the association of chromosome 18-TERRA with telomeres following a sequential pattern, first to a subset of chromosomes and then exchanging to another subset. The fact that we detect chromosome 18-TERRA transcripts association to also a small subset of telomeres per cell in interphase supports the latter idea.
In summary, here we have identified a subset of novel transcripts arising from the subtelomere of chromosome 18 that are bona fide TERRA transcripts. This finding is of relevance because now we have determined specific regions to modulate and to detect TERRA transcripts levels by different means overcoming the lack of specificity of molecular tools that use the telomeric track as a target. Taking advantage of this, we have been able to identify the promoter that it is driving the transcription of these transcripts, determine one of the causes of TERRA heterogeneity and study the functional role of TERRA at telomeres. Finally, characterization of mouse TERRA locus will allow addressing the role of TERRA in normal development and disease.
Methods
Cells, treatments, transfections and cellular fractionation. MEFs were obtained from wild-type embryos at embryonic day E13.5 (C57BL/6, o6-month old). Mouse C2C12 and NS1 cell lines (ATCC) were cultured according to the ATCC's recommendations. iPS cells were obtained as reported in ref. 27 . Namely, reprogramming of primary MEFs (passage 2) was performed as previously described 17 , following modifications of a previous protocol 28 . All procedures performed on mice were revised and approved by the institutional ethical committee. Ultraviolet C treatment was carried out using 60 J m À 2 irradiation following by 4 h of recovery. 5-Aza-2 0 deoxycytidine was used at 1 mM on pMEFs for 3 days. Gapmers-LNAs (Exiqon) were transfected with Dharmafect (Thermo Scientific) at a final concentration of 100 nM and cells collected 2 days post transfection. Gapmer-LNA sequences can be found in Supplementary Information. Nuclear and cytoplasmic fractions were prepared as previously described 7 .
Cell cycle. pMEFs were synchronized with serum starvation (0.1% fetal bovine serum) for 48 h. The release was done with the addition of 10% fetal bovine serum. Cell cycle position was determined by flow cytometric measurement of nuclear DNA content (using propidium iodide staining). RACE, telomeric cDNA, reverse transcription-PCR and qRT-PCR. 5 0 and 3 0 RACE were performed with the SMART RACE cDNA amplification kit (Clontech). Telomeric cDNA was prepared as a standard cDNA using the first strand cDNA NATURE COMMUNICATIONS | DOI: 10.1038/ncomms5723 ARTICLE synthesis kit (Invitrogen) but substituting the random hexamers for a C-strand telomeric oligo consisting on four CCCTAA repeats. Reverse transcription-PCR and qRT-PCR assays were performed using standard protocols. Primers used can be found in Supplementary information.
Northern blot and dot-blot. Northern blot and dot-blot analyses were performed using standard protocols. TERRA probe was obtained from a 1.6-kb (TTAGGG) n cDNA insert excised from pNYH3 (kind gift from T. de Lange, Rockefeller University, NY, USA). Probes against chromosome 18 transcripts were prepared from PCR products (see primers used in Supplementary information).
Immunoflorescence, RNA-FISH and SKY. Immunoflorescence alone or followed by RNA-FISH was performed basically as described in ref. 7 . Namely, cells grown in superforst coverslips (Thermo Scientific) were placed in cytobuffer (100 mM NaCl/300 mM sucrose/3 mM MgCl 2 /10 mM Pipes, pH 6.8) for 30 s, washed in cytobuffer with 0.5% Triton X-100 for 30 s, washed in cytobuffer for 30 s, and then fixed for 10 min in 4% paraformaldehyde in PBS. After washing with PBS, cells were blocked overnight at 4°C in PBS containing 3% (w/v) BSA, 0.1% Tween-20 and 0.8 mg ml À 1 RNasin (Promega). Antibodies were incubated in blocking solution for 60 min at 37°C. The slides were washed twice in PBST, overlaid with secondary antibodies (Molecular Probes) diluted 1:500 for 1 h in blocking solution at 37°C, washed three times in PBST and postfixed in 4% paraformaldehyde in PBS. The cells were dehydrated in 70, 80, 95 and 100% ethanol, air-dried and hybridized overnight at 50°C with RNA probe in hybridization buffer (2 Â sodium saline citrate (SSC)/50% formamide). Slides were washed two times for 15 min in hybridization buffer at 55°C, two times for 10 min in 2 Â SSC at 55°C, 10 min in 1 Â SSC at 55°C, 5 min in 4 Â SSC at room temperature, 5 min in 4 Â SSC containing 0.1% Tween-20 and DAPI (Molecular Probes) at room temperature and 5 min in 4 Â SSC at room temperature. Signals were visualized in a confocal ultraespectral microscope TCS-SP5 (Leica). When RNA-FISH only, dehydration steps were performed right after the first formaldehyde fixation. Mouse SKY was performed after RNA-FISH as previously described 33 . The coordinates of the metaphases of interest were annotated before SKY. The following antibodies were used: rabbit polyclonal Rap1 (Bethyl, 1:300), rabbit polyclonal TRF1 (in house, 1:500), mouse monoclonal gH2AX (Millipore, 1:800) and rabbit polyclonal TPP1 (kind gift of T. Else, 1:200). RNA-FISH probes were generated from PCR products by in vitro transcription (Ambion) using Cy3-labelled CTP (Amersham; primers available in Supplementary Information). The co-localization events were quantified in five individual confocal layers per nuclei.
Plasmids and reporter assays. For construction of the reporter plasmid, PCR products were prepared with primers spanning the promoter regions of interest (Supplementary Information) and cloned into the plasmid pGL3-basic (Promega). Firefly and Renilla Luciferase activities were measured in cells harvested 2 days after electroporation with the Dual Luciferase Reporter Assay System (Promega), following the manufacturer's instructions.
